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SUMMARY

A wind-tunnel investigation has been made to determine the longi-

tudinal and lateral stability and control characteristics of a model

of a high-wing four-propeller, tilt-wing VTOL model. The model was

equipped with a 35-percent-chord slotted flap which was programed to

deflect as the wing rotated so that the flap was retracted for the 0°

and 90o wing-incidence conditions and was deflected downward for inter-

mediate angles of incidence to obtain favorable performance and longi-

tudinal trim characteristics in the transitional flight range. Three

different flap-aileron configurations were tested and the control effec-

tiveness of the all-movable horizontal tail and the ailerons was also

determined.

It was found that, by the use of a full-span flap and by proper

programing of the horizontal-tail incidence_ it would be possible to

eliminate the variation of pitching-moment trim change during the tran-

sition. It was not possible, however, to accomplish the same result

with a partlal-span flapj even when the flap effectiveness was augmented

by the use of drooped conventional ailerons and horizontal-tail deflec-

tion. It was also found that the slot-lip aileron used in conjunction

with the full-span flap did not provide satisfactory control, particularly

because it was almost totally ineffective for yaw control in the hovering

condition. Tests of the conventional ailerons used in conjunction with

the partial-span flap and previous tests of the effectiveness of a full-

span aileron indicated that a more effective control could be obtained

by actuating the full-span flap itself as an aileron or by using the

rearward portion of the flap as an aileron.

INTRODUCTION

In the past, tests of various tilt-wing VTOL airplane models have

shown that such configurations characteristically tend to develop a

large nose-up pitching moment as the aircraft starts through transition
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from hovering to forward flight. (See refs. i and 2.) This change in
pitch trim with speed and wing incidence can severely limit the range
of center-of-gravity positions for which it is possible to perform the
transition successfully. Force tests of tilt-wing--flap combinations,
such as those of references 3 and 4, have indicated that with proper
programing of flap deflection with the wing tilt it is possible to
design a tilt-wing VTOLaircraft which has essentially no longitudinal
trim change throughout the transition from hovering to normal unstalled
forward flight and that such a configuration would also have favorable
performance characteristics.

An investigation has therefore been madeof the stability and con-
trol characteristics of a model of a tilt-wing vertical take-off-and-
landing high-wing transport airplane having a slotted flap programed to
deflect as the wing tilts from 900 for hovering to 0° for forward flight.
The flap programing was arranged so that the flap was retracted for the
90o and 0o incidence conditions to give a clean configuration for hov-
ering and normal forward flight, and the flap was deflected for inter-
mediate angles of incidence to obtain favorable performance and longi-
tudinal trim characteristics for the transition flight conditions. The
results of the flight tests of the model are reported in reference 5,
and the results of the force tests are presented in this paper.

The force tests included measurementof the aerodynamic character-
istics in transition and normal forward flight for three different flap-
aileron configurations. The control effectiveness of the all-movable
horizontal tail and the ailerons was obtained for the full range of wing
incidence tested (80° to 0°). All transition tests were madefor the
condition of steady level flight or zero forward acceleration.

SYMBOLS

The forces and momentsare based on the stability-axis system_ which
is an orthogonal system with the origin at the airplane center of grav-
ity. The Z-axis is in the plane of symmetryand perpendicular to the
relative wind, the X-axis is in the plane of symmetry and perpendicular
to the Z-axis_ and the Y-axis is perpendicular to the plane of symmetry.
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angle of sideslip, deg

deflection of right aileron, positive whentrailing edge is
down, deg

MODEL

The model used in the investigation was the model of a tilt-wing
VTOLtransport used in the flight-test investigation of reference 5.
Figure 1 showsa three-view drawing and a photograph of the model and
table I presents the geometric characteristics. The model had four
_-blade propellers each of which was powered by an air motor. The pro-
pellers were not interconnected but the motors were all connected to a
commonmanifold and a valve was provided on each motor inlet by which
the motor speeds could be synchronized_ if necessary, before a test.
Calibrations showed, however_ that the motors stayed in synchronization
so well that it was only necessary to readjust the speed of a motor after
it had been disassembled for maintenance. The speed of the motors was
changed to vary the thrust of the propellers. The propeller blade angle
was 16° at 0.75 radius and the direction of rotation was as shownin
figure i.

The wing was pivoted at the 65-percent-chord station and could be
rotated between incidences of 0° and 90°. As the wing incidence changed,
the 35-percent-chord slotted flap was programed to deflect as shownin
figure 2. The model had an all-movable horizontal tail and conventional
rudder controls for forward flight. Twotypes of ailerons were used
during the model tests. The original model configuration as shownin
figure i had a conventional aileron which was used in conjunction with
a partial-span single-slotted flap. A second type of aileron was
installed on the model after, as a result of early tests, the slotted
flap had been extended to full span. (See fig. i.) A slot-lip aileron
was created by hinging the outer 30-percent span of each slot lip. A
typical cross section of the wing through the slot-lip aileron is shown
in figure 3-

TESTS

The tests were madein the Langley full-scale tunnel with the model
mountedon a support strut near the lower edge of the entrance cone and
about 5 feet above a groundboard. An electric strain-gage balance was
used to measurethe forces and moments. All the tests were madeat a
condition of zero forward acceleration by adjusting the tunnel speed
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and model power for each wing incidence (fuselage _ = 0°) until the

drag trim point was reached.

Three different flap-aileron configurations were tested: partial-

span slotted flap with 30-percent-span conventional ailerons, partial-

span slotted flap with 30-percent-span conventional ailerons drooped 20°_

and a full-span slotted flap with 30-percent-span slot-lip ailerons.

With the test condition set as mentioned above (drag trimmed at fuselage

= 0°), the angle of attack was varied for longitudinal stability and

control tests from -i0 ° to 20 ° with the horizontal tail off and with the

horizontal tail set at various angles of incidence from -lO O to 30 ° .

For the full-span-flap configuration, a test was made of the variation

of rolling moment, yawing moment, and side force over a range of side-

slip angles from -20 ° to 20 ° for each angle of wing incidence from 0°

to 80 ° . Aileron control effectiveness was measured at _ = 0° for all

flap-aileron configurations.

The tests at wing incidences of 0°, i0 °, and 20 ° were made at an

airspeed of about 23 knots which gave an effective Reynolds number

based on the wing chord and free-stream velocity of about 200,000. For

the tests at higher angles of wing incidence, it was necessary to reduce

the tunnel airspeed below 23 knots to avoid exceeding the model motor

limitations.

RESULTS AND DISCUSSION

The results of a force-test investigation to determine the aero-

dynamic characteristics of a model of a tilt-wing VTOL transport with

a programed flap are presented with the moments based on the center-of-

gravity positions shown in figure 4. These were the actual center-of-

gravity positions of the model as it was flown during the tests described

in reference 5. The data for the normal forward flight tests (iw = 0°

and i0O) are presented in coefficient form, but since the coefficients

approach infinity and become essentially meaningless as the velocity

approaches zero, the data for the transition tests (iw = 20 ° to 80 ° )

have been scaled up to the model flying weight of 51.28 pounds. This

scaling of the data is accomplished by determining the factor required

to make the lift equal to the desired value (51.28 pounds, which was the

weight of the model during the flight tests of ref. 5) and multiplying

all forces and moments by the factor. The corresponding test velocities

are scaled up by the square root of the factor.



Longitudinal Stability and Control

The data for the configuration having a partial-span slotted flap
and a _O-percent-span conventional aileron (with the ailerons not drooped)
are presented in figures 5 and 6.

In figure 5 are plots presenting the variation of lift, drag, and
pitching momentwith angle of attack at several horizontal-tail deflec-
tions as well as for the horizontal-tail-off condition. The stability
and trim characteristics from these data are summarizedin figure 6. For
the tail-on case, the stability parameter My_ was measuredat _ = 0°

with the tail incidence needed to give zero pitching momentwhenever
possible. In cases where it was not possible to get zero pitching moment,
the effect of tail incidence on My_ was virtually negligible and some
average slope was used. At angles of wing incidence from 90° to 60° the
model was neutrally stable tail off and the addition of the horizontal
tail did not increase the stability, becauseof the low dynamic pressure.
At lower angles of wing incidence the model becameunstable with the tail
off but, because of the higher dynamic pressure, the addition of a hori-
zontal tail madethe model stable. The figure also showsthat, at angles
of wing incidence from 80 ° to 40 °, the model has a nose-up pitching moment

which cannot be trimmed with the horizontal tail. An analysis of the

curves shows that for the worst condition (iw = 60 ° ) the model would

require an upward force of about 2 percent of the model weight from some

auxiliary control device at the tail which seems to be a very significant
amount.

The longitudinal data for the configuration having a partial-span

slotted flap and a 30-percent-span conventional aileron with the ailerons

drooped 20 ° are presented in figures 7 and 8. Figure 7 presents the

variation of lift_ drag, and pitching moment with angle of attack for

several horizontal-tail deflections and for horizontal tail off, and a

summary plot showing stability and trim characteristics extracted from

this basic data is presented as figure 8. The point of these tests was

to determine quantitatively the effect of the drooped ailerons in alle-

viating the trim problem at high angles of incidence since the flight

tests of reference 5 had shown qualitatively that this procedure.was not

effective in eliminating the pitching trim problem. Comparison of the

data from the summary figure (fig. 8) with that of the corresponding

figure 6 shows that even though the nose-up pitching moments measured

at wing incidences above and below the critical range near 60 ° incidence

were reduced, the pitching moment near 60 ° wing incidence was still as

bad as for the previous configuration which had undrooped ailerons.

The longitudinal stability and the horizontal-tail effectiveness were

little changed by the change in aileron configuration.
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The longitudinal data for the full-span-flap configuration are

presented in figures 9 and i0. Figure 9 presents the variation of lift,

drag, and pitching moment with angle of attack for several horizontal-

tail deflections, and for horizontal tail off, for each angle of wing

incidence. The longitudinal stability and trim characteristics measured

from these basic data are summarized in figure i0. These data show that,

when the model was fitted with the full-span slotted flap, the pitching

moment in the critical range near iw = 50 ° or 60 ° was reduced to the

point where it was almost trimmed by use of the horizontal tail even

though at such low speeds the tail has little effectiveness. In fact,

analysis of the data of figure 9(d) indicates that the pitching moment

in this most critical condition could probably have been trimmed by the

use of a higher tail incidence of about 35 °. For this full-span-flap

configuration the longitudinal stability was little changed from that of

the other configurations.

Lateral Stability and Control

Figure ii shows the effectiveness of the aileron throughout the

wing incidence range for the partial-span-flap configuration with

undrooped conventional ailerons. Qualitatively, these data show the

results that would be expected; that is, that the ailerons produce prin-

cipally yawing moments in hovering flight and rolling moments in forward

flight. One point that bears further study is the magnitudes of the

yawing moments produced in hovering flight. Inspection of figure ii

shows that at iw = 80 °, ±20 ° deflection of both ailerons would give a

yawing moment of ±i0 foot-pounds. This value would correspond to a

force of approximately ±2.5 pounds at the tail jet which was approximately

the force used in the flight tests of reference 5 for hovering in still

air. A better indication of th_ suitability of these ailerons for yaw

control in hovering might be obtained by a comparison of the control

power of these ailerons with that required in the handling requirements

for these airplanes. In this case if the model is a dynamically scaled

model in the range from 1/5 to i/i0 scale, the yaw control power of the

ailerons would be only about one-fourth to one-third of that indicated

as being required by reference 6.

Figure 12 shows the effectiveness of the aileron for the partial-

span-flap drooped-aileron configuration. These data show the expected

result in that, as the ailerons are deflected downward from the 20 °

drooped position, they tend to lose their effectiveness in producing

rolling moments at the low angles of incidence or yawing moments at the

high angles of incidence.

The effectiveness of the slot-lip aileron used with the full-span

flap is shown by the data of figure 13. There seem to be two important
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points to note. First, the slot-lip aileron would not be usable as a

yaw control in hovering since it does not produce any yawing moment as

indicated by the data for the near hovering condition of iw = 80 ° .

Second_ in the normal forward-flight conditions as represented by the

iw = 0° and i0° tests the slot-lip ailerons produce only about one-

third of the rolling moment of the conventional ailerons. (See fig. ii.)

It would seem that a more satisfactory system for providing aileron con-

trol would be to actuate the entire full-span flap as an aileron or to

actuate the rearward portion of the flap. The effectiveness of such a

full-span aileron is shown in reference 7.

The data of figure 14 show the variation of rolling moment, yawing

moment, and side force with sideslip angle, and these data are summarized

in figure 15 in terms of the directional stability parameter MZ_ and

the effective dihedral parameter MX_. The plots of rolling moment and

yawing moment in figure 14 are, as in other lateral data figures, to

some degree erratic. It is believed that, in general, the erratic data

are due in part to random gusts in the tunnel and wing stalling which

can cause large changes in some of the moments. For example, a rolling

moment of about 1.5 foot-poumds_ which is representative of the scatter

in the data, can be produced by a difference in lift of i pound, which

is only 2 percent of the total lift, distributed over one semispan. In

this connection, a tuft survey showed that there was a severe stall over

the wing center section which at times, possibly due to wing asymmetry,

extended over the inboard portion of the right wing. The plots of

rolling-moment variation with sideslip are extremely unsymmetrical, but

seem to show, in general, the trends indicated by the slopes MX_ pre-

sented in figure 15.

The directional stability data show, in general, that the model

was unstable in the low-speed portion of the transition range and that

it was stable at higher speeds where the wing incidence was less than 30°.

Actually, the directional instability shown is very small; for example,

at iw = 50 ° which was the worst condition, MZ_ = 0.3 to 0.2 ft-lb/deg.

This value is small compared with the i0 foot-pounds which was available

from the tail-jet reaction yaw control used on the model.

SUMMARY OF RESULTS

The following results were obtained from the investigation of the

static stability and control characteristics of a four-propeller tilt-

wing VTOL model having a single slotted flap programed to deflect as

the wing rotates.
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i. For the full-span-flap configuration, the variation of trim

pitching moment throughout the transition range was small for the tail-

off condition with the particular flap programing built into the model.

2. With the horizontal tail fixed at low angles of incidence, the

model experienced large nose-up pitching moments during the transition

because of the download on the tail induced by the downwash from the

wing.

5. By properly programing the horizontal-tail incidence to vary

with wing incidence, it would be possible to reduce the pitching-moment

variation through the transition range to zero or to a very low level.

4. It was not possible with a partial-span flap (even when augmented

by drooped ailerons and horizontal-tail deflection) to eliminate the

nose-up pitching moments encountered in the transition range.

5. The tests show that the slot-lip aileron tested in conjunction

with the full-span flap did not provide satisfactory control. Specifi-

cally, it was almost totally ineffective as a yaw control for the hovering

condition and was about one-third as effective for roll control in for-

ward flight as were the conventional ailerons tested.

6. Tests of the conventional ailerons used with the partial-span

flap and previous tests of the effectiveness of a full-span aileron

indicated that a more effective control could be obtained by actuating

the full-span flap itself as an aileron or by using the rearward portion

of the flap as an aileron.

Langley Research Center,

National Aeronautics and Space Administration,

Langley Station, Hampton, Va., June 7, 1962.
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TABLE I.- GEOMETRIC CHARACTERISTICS OF MODEL

Fuselage :
Length, in ........................... 84.8

Diameter (maximum), in ..................... i0.4

Wing:

Area, sq in .......................... l, 002.25

Aspect ratio .......................... 9

Mean aerodynamic chord, in ................... i0.77
Airfoil section ...................... NACA 65-210

Tip chord, in ......................... 7-9

Root chord, in ......................... 15.2

Span, in ............................ 95
Taper ratio .......................... 0.6

Sweepback of 0.65 chord .................... 0

Dihedral angle, deg ...................... 0

Pivot station, percent chord .................. 65

Flap chord, percent wing chord ................. 55

Aileron, conventional (each) :

Chord, percent wing chord .................. 35

Span, percent wing semispan ................. 30

%ileron, slot-lip (each):

Chord, in .......................... O. 75

Span, percent wing semispan ................. 30

Vertical tail:

Area (total to center line), sq in ............... 269

Aspect ratio .......................... 1.97

Airfoil section ....................... NACA 0009

Tip chord, in ......................... 5.4

Root chord (at center line), in ................ 18.0

Span, in ............................ 23.0

Taper ratio .......................... 0.3

Sweepback (leading edge), deg ................. 25

Rudder (hinge line perpendicular to fuselage center line):

Tip chord, in ........................ 2.5

Root chord, in ........................ 4.05

Span, in ........................... 14.05

Horizontal tail:

Area, sq in .......................... 241.9

Aspect ratio .......................... 5.81

Airfoil section ....................... NACA 0009

Tip chord, in ......................... 4.60

Root chord, in ......................... 8.3

Span, in ............................ 37.5

Taper ratio .......................... 0.55

Sweepback (leading edge), deg ................. 7-3

Mean aerodynamic chord, in ................... 6.62

Propellers (three blaaes each):

Diameter, in .......................... 20

Chord, in ........................... 2.5

Solidity ............................ 0.239



12

J

i

o

,r-4

.r-4

o

0

,el
,.---I

,-I

_ ,---t

o tl)
N %
_ a
0 -_

r_

4._



13

c_
C_

!

;-cl

o
o

!

0



14

0

0

Uu

4O

5O

2-0 i

I

I
I

!
f

J
F

J
I

/:

I

I

J
f

L iI0 i
J

L

I

: :

I00 80 60 40 20

Wing incidence, deg

%

%

t
I
1

I
I
i

I
i

t
]
I

t

%1

]%
l

I
I

I
t
I
I

i
I
I

I
[
I
]

i

1
I

I
I
i
i

I
I

\

'\I

0

Figure 2,- Variation of model flap angle with wing incidence.



15

\,

\

\

o

-I

c_

i
.p
o
r-4

.p

bO

0

+J

0

C_
_J

_J
.,-4

I

_0



16

20

&)

I0

_Ii_ ¢lr I'

_ 0

¢" CI' A !J

0 " -q

o E "*" 1
!,.,,,,

®2_ I0> /

E

_5 o

m20

_lj- |V 1]

f]

F
/

,a

.,,, I'

- "t '_©
• _a11,_

J

]
I
I

,I

I

I

! !

1711:1CI| '11(:1!

30 r
40 30 20 I0 0

D,stance of center of grav,ty

forword of wlng pivot

(horlzonto I),percent E

Figure 4.- Variation of model center of gravity with wing incidence.



17

I0

My 0

-I0

2O

I0

FD 0

-I0

-2O

6O

5O
FL

40
-I0 0 I0 20

cl,deg

(a) iw = 800; V = 1.9 feet per second.

Figure 5.- Longitudinal stability and control characteristics of the

partial-span-flap configuration with undrooped conventional aileron.
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partial-span-flap configuration with drooped conventional aileron.
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